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We describe the fabrication and characterisation of gold-coated graded index channel
waveguide sensors designed for simultaneous electrochemical and surface plasmon
resonance studies. The active sensing electrode area is a thin gold ﬁlm between 0.5 and 5
mm in length and 200 mm wide deposited on top of a 3 mm wide waveguide which forms one
arm of a Y-junction while the other arm of the Y-junction serves as a reference. Using these
devices we have measured simultaneously the changes in transmittance through the device
whilst carrying out cyclic voltammetry in either sulfuric or perchloric acid solution or
during the deposition of an UPD layer of copper at the gold surface. In all cases we obtain
stable and reproducible results which demonstrate the very high sensitivity of the devices to
sub-monolayer changes occurring at the gold electrode surface. The response of these
integrated optoelectrochemical devices is discussed in terms of a numerical model for the
propagation of light within the waveguide structure.
Introduction
A surface plasmon is a collective oscillation of free electrons which propagates along the surface of
a metal with the magnetic ﬁeld vector parallel to the metal surface (it is a TM- or p-polarised
wave).
1 To allow propagation of a surface plasmon, a metal having negative dielectric permittivity
of magnitude greater than that of the bounding dielectric at the wavelength of operation is
required. The principal component of the electric vector of the surface plasmon is perpendicular to
the metal surface and the ﬁelds decay exponentially, and rapidly, from the interface into both the
metal and the contacting superstrate. As a consequence the surface plasmon is very sensitive to
changes in the real and imaginary components of the refractive index at the metal surface and in the
superstrate close to (within about 300 nm) the metal surface. Surface plasmon resonance (SPR)
describes a collection of related techniques which exploit this high surface sensitivity. In SPR
experiments, surface plasmons are resonantly excited at the metal surface by matching the com-
ponent of the wavevector of the incident light parallel to the interface to the surface plasmon
wavevector. Under this condition a signiﬁcant proportion of the incident power is coupled into the
high loss surface plasmon, leading to a signiﬁcant increase in the optical attenuation of the reﬂected
y Present address: Marconi Optical Components Ltd., Caswell, Towcester, Northants, UK NN12 8EQ.
DOI: 10.1039/b111417b Faraday Discuss., 2002, 121, 139–152 139
This journal is # The Royal Society of Chemistry 2002beam. The matching of the wavevectors of the incident light and the surface plasmon can be
achieved by varying the angle of incidence of the incident light on the interface, by varying the
wavelength of the incident light at a constant angle of incidence, or by varying the wavevector of
the surface plasmon itself by altering the refractive index of the superstrate medium.
SPR techniques can be divided into those which use prisms, those which use grating couplers,
and those which use integrated optical waveguide structures. A commonly used arrangement to
employ SPR is the Kretschmann conﬁguration
1 in which the metal is deposited as a thin evapo-
rated ﬁlm, typically 30 to 60 nm thick, on the base of a prism. In this conﬁguration the incident p-
polarised light excites the surface plasmon in the metal overlayer through its evanescent ﬁeld
resulting in frustrated total internal reﬂection. The resonant condition is detected by a reduction in
the intensity of the light reﬂected from the base of the prism as a function of the angle of incidence.
If a CCD detector is used, the intensity of the reﬂected light at a range of incident angles can be
recorded simultaneously
2 or an SPR image of the surface can be recorded.
3 The Otto conﬁguration
is a closely related method in which the high index prism is placed within 500 to 1000 nm of the
metal/superstrate interface, the choice of distance depending on the wavelength of the incident
light and the refractive indices of the metal and the medium.
In grating coupler methods the prism is replaced with a substrate of dielectric material, such as
glass, with a grating etched on its surface, and with the metal ﬁlm deposited on the grating. At
resonance, the k-vector of the grating matches the diﬀerence between the wavevector of the surface
plasmon and the parallel component of the wavevector of the incident radiation, removing the need
for a prism to achieve phase-matching.
In integrated optical waveguide SPR structures the incident light propagates along a waveguide
on top of which the thin metal ﬁlm is deposited.
4 For the transverse magnetically (TM- or p-)
polarized mode the principal component of the magnetic ﬁeld is parallel to the substrate and
waveguide surface and normal to the direction of propagation while the principal component of the
electric ﬁeld is normal to the substrate, and metal, surface. When the wavevector of the waveguide
mode closely matches that of the surface plasmon, the coupling of light into the surface plasmon is
observed as a drop in the intensity of the TM-polarized light emerging from the end of the
waveguide. The refractive indices of the materials on both sides of the metal ﬁlm (the waveguide
substrate and the superstrate), and the thickness and permittivity of the metal, as well as the
wavelength, aﬀect the strength of coupling between the light propagating in the waveguide and the
surface plasmon, and the position of the resonance. Near the resonance condition small changes in
the complex refractive index of the superstrate within about 300 nm of the metal surface produce
large changes in the attenuation in the intensity of the light transmitted through the waveguide. The
waveguide approach to SPR measurement has a number of advantages. There is no need for bulk
optical components and accurate angle measurement as required in the prism method. In addition
the sensing areas can be small (of the order of 5 mm by 1 mm) and the method lends itself to
integration and multichannel measurements.
Over recent years SPR devices have been commercially exploited and widely applied to bio-
sensing applications
3,5,6 taking advantage of the high surface sensitivity of the technique. Typically
these applications use thin evaporated gold ﬁlms coated with selective chemistries to detect the
binding or reaction of target analytes from solution. In these applications no attempt is made to
control the potential of the gold surface with respect to the contacting electrolyte solution.
SPR techniques have been used in combination with electrochemistry to study processes at
electrode surfaces by a number of authors dating back to the late 1970s. For example, Chao et al.
7
used SPR in the Kretschmann conﬁguration, and ellipsometry, to study the electrochemistry of
gold in sulfuric acid. At the same time Kolb et al.
8 used the Kretschmann conﬁguration to
investigate the eﬀects of the electrode potential in the double layer region on the surface plasmon
frequency for gold and silver electrodes in perchlorate solution. Gordon and Ernst
9 also used the
Kretschmann conﬁguration to study surface plasmons on silver electrodes in contact with aqueous
perchlorate and halide solutions. More recently Iwasaki et al.
10 have used the Kretschmann con-
ﬁguration to study (111) oriented gold ﬁlms and electrode reactions at gold surfaces
11,12 and it has
been used to study redox transformations in electroactive polymers at electrode surfaces.
13,14 The
Kretschmann conﬁguration has the disadvantage that it is limited to the study of thin evaporated
metal ﬁlms; to overcome this problem Tadjeddine et al.
15,16 have used the Otto conﬁguration which
allows single crystal metal surfaces to be used, albeit at the expense of additional experimental
140 Faraday Discuss., 2002, 121, 139–152diﬃculties. All of these studies have demonstrated that the SPR technique is very sensitive to
changes occurring at the electrode surface.
An increasing number of studies, starting with the work of Itoh and Fujishima,
17 have recog-
nized the power of combining electrochemistry with planar waveguide structures, although to date
the larger proportion of these have concentrated on the use of planar waveguides coated with a
transparent electrode made from a conducting tin oxide ﬁlm.
18–24 In this conﬁguration the planar
waveguide behaves as an attenuated total reﬂection (ATR) structure in which the evanescent wave
at the waveguide surface is used to measure the absorption of light by species present in solution
within a couple of hundred nanometres of the electrode surface. If the waveguide is carefully
designed it is possible to achieve very high sensitivity. When used in this way the waveguide
structure responds to changes in the imaginary part of the complex refractive index of the
superstrate, in contrast to the planar waveguide surface plasmon resonance device which responds
to changes in both the real and imaginary parts of the refractive index. For example, Piraud et
al.
21,22 have described an electrochemically regenerated chlorine sensor based on a lutetium
phthalocyanine coated integrated waveguide structure, Dunphy et al.
18,19 have used grating cou-
pled step index slab waveguides to study adsorption of strongly coloured species at electrode
surfaces, and Heineman et al.
23,25–28 have recently combined electrochemical modulation, selective
adsorption into thin coatings, and planar waveguide optical measurements to develop highly
sensitive and selective solution phase chemical sensors. In contrast a bare handful of papers
describe SPR studies employing waveguide structures, despite the evident potential advantages of
this approach. In earlier work Lavers et al.
29 described the use of an integrated planar waveguide to
study silver electrodes and the adsorption of tetrabutylammonium ions from a mixture of ethylene
glycol and water, a choice which was driven by the necessity of matching the refractive index of the
superstrate solution to the operating point of this particular waveguide structure (vide infra).
Around the same time Chinowsky et al.
30 reported the use of a gold coated ﬁbre to study the anodic
stripping voltammetry of lead and copper. However the experiments were carried out under poorly
controlled electrochemical conditions and the full sensitivity of the technique was not realised.
In this paper we present the ﬁrst detailed account of the use of a gold-coated integrated optical
channel waveguide structure speciﬁcally designed for combined electrochemical SPR measurements
in aqueous solutions. We describe the design and fabrication of the device and the characterisation
of the surface sensitivity using the growth and stripping of the surface oxide on gold and the
formation of copper UPD layers as model systems. In future work we envisage using this type of
device in sensing applications which combine electrochemical control with high sensitivity SPR
detection.
Experimental
Fabrication of gold-coated waveguide structures
The planar waveguide structures with integrated gold electrodes, Fig. 1, were fabricated using
conventional photolithographic and ion-exchange techniques. 50 mm square polished Pyrex glass
wafers were cleaned with Ecoclear (Logitech), deionised water, acetone (Fisher Chemicals Elec-
tronic Grade) and ﬁnally propan-2-ol (Fisher Chemicals Electronic Grade) for 20 min each with
sonication at a temperature of 50  C. The Pyrex wafer was then cleaned with piranha solution (1:2
mixture of H2O2 and H2SO4) for 15 min at room temperature. After thoroughly washing with
deionised water and drying in a stream of nitrogen gas, followed by baking at 120  C for 30 min,
the wafers were coated with a 200 nm thick ﬁlm of aluminium and 10 Y-junction waveguide
structures with channels 3 mm wide were opened in this ﬁlm to form a diﬀusion mask. The coated
wafer was then immersed in molten KNO3 (Fisher Chemicals Analar Grade) at 389  C for 7.4 h to
form single-moded channel waveguides by ion-exchange of K
+ for Na
+ in the exposed areas of the
Pyrex. The refractive index of the Pyrex glass is 1.471 and the exchanged regions have an index of
1.4784, at a wavelength of 633 nm. Alignment marks, to enable accurate positioning of subsequent
layers, were then etched into the glass using an ion beam etcher before removing the aluminium
diﬀusion mask using Al etch (containing acetic, phosphoric and nitric acids, supplier Laporte) at
50  C. The glass wafers were then washed with deionised water and dried in a nitrogen gas stream.
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(Logitech) to allow eﬃcient end-ﬁre coupling of the incident light into and out of the waveguide.
After re-cleaning, the surface of the glass was then treated to promote adhesion of gold by reﬂuxing
in a solution of (3-mercaptopropyl) trimethoxysilane (Aldrich) in a water-propan-2-ol (Fisher
Chemicals Electronic Grade) mixture (ratio is 1:1:40, by weight) for 15 min.
31 After baking at
100  C for 15 min a gold ﬁlm 35 5n mo r4 5 5 nm thick was evaporated onto the Pyrex wafer.
This gold ﬁlm was patterned using standard lithographic techniques to produce an array of elec-
trodes each 200 mm wide and between 0.5 and 5 mm long, each located over one arm of a
waveguide Y-junction as shown in Fig. 1. The gold ﬁlms serve both as the working electrode and to
guide the surface plasmon. The second, uncoated, waveguide in the Y-junction pair is used to
provide a reference output allowing compensation for the eﬀects of input power ﬂuctuations. All
electrodes were connected, by a single 15 mm wide track, to 3 mm by 3 mm pads at the edges of the
substrate.
Finally a 700 nm thick layer of Teﬂon AF 1600 (n 1.31, Du Pont) was deposited by thermal
evaporation on the surface of the substrate and patterned using lift-oﬀ to leave windows exposing
only the gold electrodes on each Y-junction and the contact pads. This layer helps to isolate the
waveguides from the electrochemical cell, which is clamped to the waveguide surface, and from
contact with the solution placed in the cell.
This device design has been shown to match the velocity of the surface plasmon wave at the gold
surface and the waveguide mode for visible wavelengths at solution refractive indices near that of
water. This results in resonant coupling observed as a sharp reduction in output signal power
relative to the reference output.
32 The attenuation due to resonant coupling to the surface plasmon
may be deduced from the signal/reference output ratio. The conﬁguration of the device allows the
strength of the resonant absorption to be adjusted by selection of the length and thickness of the
gold-coated electrode region.
Optical and electrochemical measurements
Optical measurements were performed using the apparatus shown in Fig. 2. Light from a 10 mW
linearly polarised HeNe laser (Melles Griot) at 632.8 nm was mechanically chopped and passed
through a half-wave plate and polariser to select the TM polarisation supported by the surface
plasmon. The input power was adjusted using a variable attenuator and the light was end-ﬁre
coupled into the waveguide under test using a  10 microscope objective lens. A  25 microscope
objective lens was used to focus the waveguide outputs onto two silicon photodetectors. The signal
and reference powers received, PS and PR respectively, were recorded using lock-in detection to
remove the inﬂuence of ambient light and improve the signal to noise ratio. The measured values
were used to calculate the transmittance of the gold coated waveguide, T ¼ PS/PR.
Fig. 1 Diagram of the waveguide surface plasmon resonance structure used in this work.
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the refractive index of the bulk analyte, a ﬂow-cell machined from PMMA, clamped to the
waveguide surface, and connected to a ﬂow injection analyser was used. Aqueous solutions of
sucrose with refractive indices between 1.33 and 1.42 were passed over the waveguide surface and
the transmittance, T, measured for each refractive index. The refractive indices of all solutions were
measured using an Abbe refractometer at 589 nm.
For the electrochemical measurements, an open silica cell 18 mm in diameter and 13 mm high
was clamped to the waveguide surface so that the exposed gold electrode regions of all 10 devices
were exposed to the solution. The cell was ﬁlled with either 0.2 M sulfuric acid (n ¼ 1.355) or 0.1 M
perchloric acid (n ¼ 1.334). For measurements of the under potential deposition (UPD) of copper,
the acid solutions contained 5 mM Cu
2+ prepared by dissolving the appropriate amount of cop-
per(II) oxide in the acid solution. All electrochemical measurements were made using a three-
electrode system with a platinum wire counter electrode and a saturated calomel (SCE) reference
electrode. The reference electrode was placed behind a double junction to avoid contamination of
the solution by chloride ions. The gold electrode pads were used as the working electrode. No
attempt was made to remove oxygen from the solution. The potentiostat and optical measuring
equipment was controlled by a single PC running purpose-written code under Labview and
equipped with a National Instruments PCI–M10–16XE–10 interface card and a GPIB board.
Results
The waveguide structure
Our integrated waveguide structure consists of a Y-junction bifurcated channel waveguide formed
in a Pyrex substrate using photolithographic masking and potassium for sodium ion exchange to
produce a gradient index waveguide which is of the order of 10 mm wide. The exchange of K
+ for
Na
+ gives rise to a small change in the refractive index of the glass and is a cheap and simple
method to produce a single moded waveguide. Gold ﬁlms of varying length were deposited over
one arm of the Y-junction and then a thick transparent Teﬂon layer was coated over the device
leaving only the active area of the gold electrode directly exposed to the superstrate solution, Fig. 1.
The Teﬂon layer serves to deﬁne the electroactive area of the electrode and to physically isolate the
reference arm of the Y-junction from changes in the refractive index of the superstrate. The Teﬂon
Fig. 2 Schematic representation of the experimental arrangement used to carry out simultaneous electro-
chemical and transmittance measurements on the waveguide structures.
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electrochemical cell. To achieve high sensitivity of the device to changes in the complex refractive
index of the superstrate close to the electrode surface it is essential to design the waveguide
structure so that maximum optical attenuation occurs close to the superstrate refractive index. For
operation in aqueous solution, at indices between 1.33 and 1.36, the device should be designed with
the point of maximum attenuation at a superstrate index of around 1.38. In practice this means
that careful thought must be given to the choice of substrate, the refractive index of the wave-
guiding structure, the thickness and type of the metal layer, and the wavelength of light used to
excite the surface plasmon. For experiments in aqueous solution gold is an obvious choice for the
metal layer because it supports a surface plasmon in the visible region of the spectrum and is
preferable to silver because it is less easily oxidised, even though a less sensitive device results. The
waveguide structures were designed using a numerical model for a step index, slab structure.
32 In
the simulations the waveguide layer had a depth of 2 mm and a refractive index of 1.4784. The
refractive index of the substrate was taken to be 1.4711
33 and the refractive index of the gold at 633
nm was taken to be 0.197+j3.446.
34 The model ﬁrst calculates the mode ﬁeld distribution of the
input waveguide, determines the mode ﬁeld distributions, velocities and losses of all the guided
modes in the gold-coated section, and calculates the distribution of power from the input wave-
guide to each of these modes. It then allows these modes to propagate over the length of the gold-
coated section and combines them, taking their relative phases and attenuations into account, in
the output waveguide (which has the same ﬁeld distribution as the input waveguide). The output
power is then normalised to the input power, resulting in the transmittance of the device. Fig. 3
shows the result of a typical calculation for one of our devices, at a wavelength of 633 nm, where
the gold ﬁlm length has been taken to be 1 mm and its thickness 35 nm. Inset is a logarithmic plot
of the same data, showing the full depth of the resonance. We believe that the small discontinuity in
the slope of the curve on the high-index side of the resonance is due to the model neglecting leaky
modes. However, this occurs at a point of very high attenuation, where the device would not be
operated. From the ﬁgure we can see that the transmittance of the integrated structure, deﬁned as
the ratio of the power output from the sensing arm, PS, divided by the power output from the
reference arm, PR, has a minimum value when the superstrate index is 1.38 and increases rapidly as
the superstrate index changes from this value. The minimum in the transmittance curve may be
Fig. 3 Calculated proﬁle of transmittance as a function of superstrate refractive index for the waveguide SPR
structure shown in Fig. 1. The calculations were carried out assuming a device with a gold ﬁlm of thickness 35
nm and length 1 mm.
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matches the wavevector of the surface plasmon wave in the gold. Under these circumstances the
maximum amount of power is coupled into the very lossy surface plasmon wave and the power
emerging from the sensing arm of the waveguide is at a minimum. Operation at the minimum of
transmission is not desirable as, for any reasonable input power, the transmitted power would be
low compared with receiver noise. The design must be chosen to maximise the signal-to-noise ratio
for a particular conﬁguration. However, Fig. 3 illustrates the importance of careful waveguide
design in order to match the performance of the waveguide to the superstrate medium since the
resonance covers a narrow range of indices.
Fig. 4(a) shows the experimentally determined transmittance curve for a device with a 3 mm long
35 5 nm thick gold ﬁlm, as a function of the refractive index of the superstrate. It is clear that
although the general shape of the experimental curve is similar to the calculated curve shown in
Fig. 3, the quantitative data do not match well. In practice, our waveguides are somewhat diﬀerent
from the simple computational model because they are channel waveguide structures and because
Fig. 4 (a) Plot of transmittance as a function of the superstrate refractive index for a waveguide SPR device
with a 35 nm thick gold electrode, length 3 mm and width 200 (m in contact with aqueous sucrose solutions of
diﬀerent concentration. The transmission minimum occurs at a refractive index of 1.376. (b) A plot of the
transmittance as a function of the gold electrode length for a set of waveguide SPR devices in contact with water
(refractive index 1.33).
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factors will cause weaker coupling to the surface plasmon in experimental devices when compared
with those modeled using a homogeneous slab waveguide approximation, resulting in practical
devices requiring longer gold-coated regions to obtain the same level of attenuation. By an
appropriate choice of sensitivity criteria, theoretical sensor designs optimised for a particular task
can be generated. The broad minimum in the response shown in Fig. 4(a) exhibits the very high
absorption obtained in this index range. It does not necessarily mean that the sensitivity of the
device will be low in this region, as this depends upon noise sources. However, in practice, the
detection limit for changes in optical power is usually set by ﬂuctuations in spurious radiation
scattered in the substrate, which also places a minimum on the transmittance below which mea-
surements cannot readily be made.
The transmittance of the device also depends on the length of the gold electrode. Fig. 4(b) shows
a plot of the transmittance for waveguide SPR devices, with gold thickness 45 5 nm, in contact
with water (refractive index 1.33) as a function of the length of the gold electrode. As expected from
the model, the transmittance decreases exponentially with increasing electrode length, as more of
the light propagating in the waveguide is coupled out into the lossy surface plasmon. The length of
the gold ﬁlm can be used as a convenient parameter to adjust the sensitivity of the device.
Electrochemical studies of gold in acid solution
Fig. 5 shows simultaneously recorded electrochemical and optical responses for the waveguide SPR
device in 0.2 mol dm
 3 sulfuric acid solution. The response shown is that obtained after several
cycles and is stable under repeated cycling under these conditions. It is immediately obvious that on
cycling the electrode potential there are very large changes in the transmittance (it changes by a
factor of 4 on cycling from 0.5 V to 1.59 V), that the device can readily detect oxide formation, and
that the changes are reversible. Similar measurements on replicate devices and for electrodes of
diﬀerent length (not shown) conﬁrm that these responses are reproducible from one device to
another.
35
The electrochemistry of single crystal and polycrystalline gold electrodes in acid solution has
been extensively studied in the literature using cyclic voltammetry alone
36–38 or in combination
with other techniques such as the electrochemical quartz crystal microbalance.
9,39,40 The optical
responses measured for our waveguide structure have a similar potential dependence to the changes
in electroreﬂectance
40,41 or ellipsometric parameters
7,42,43 reported in the literature for gold elec-
trodes in acid solution. Our waveguide SPR results are also consistent with other reported SPR
Fig. 5 Plot of the optical and electrochemical responses recorded in 0.2 mol dm
 3 H2SO4 recorded at a scan
rate of 20 mV s
 1. The length of the gold electrode was 3 mm and its total geometric area was 0.055 cm
2.
146 Faraday Discuss., 2002, 121, 139–152studies carried out using the Kretschmann conﬁguration to measure the resonant angle.
7,10,15,16,30
From these studies a common consensus model emerges. Between 0.5 V and 1.13 V on the anodic
scan the voltammetry of the polycrystalline electrode is essentially featureless with only double
layer charging and, for bisulfate/sulfate anion some evidence for speciﬁc adsorption, at least for
single crystal electrodes.
37 At 1.13 V, oxidation at the gold surface starts ﬁrst by adsorption of OH
in between the overlayer of adsorbed anions
37 or at step edges.
37 This is followed, at more negative
potentials, by a replacement turnover or place-exchange process, driven by repulsion between
adjacent Au–O dipoles, leading to the formation of a two-atom thick surface oxide layer. There has
been some discussion in the literature as to whether this place-exchange occurs on transfer of the
ﬁrst electron to form AuOH
36,37 or only with the transfer of the second electron. Based on elec-
trochemical quartz crystal microbalance studies, Bruckenstein and Shay
39 have proposed the fol-
lowing mechanism
Au-ðH2OÞads ! Au-OH þ Hþ þ e ð1Þ
followed in the second step by
Au-OH ! Au OþHþ þ e ð2Þ
Au O þ H2O ! O Au-ðH2OÞads ð3Þ
where the last step represents the replacement turnover process and occurs simultaneously with the
transfer of the second electron. Looking at the optical response in Fig. 5, our data support the
Bruckenstein and Shay interpretation since the decrease in transmittance associated with the
oxidation of the gold surface only commences around 1.23 V, about 0.1 V anodic of the onset of
the oxidation current. Following the peak in the oxidation current at 1.4 V and completion of the
surface oxide layer the optical response levels oﬀ. At more anodic potentials the oxidation current
increases again with the onset of oxygen evolution but it is noticeable that the optical response is
insensitive to this, indicating the strong surface sensitivity of the technique. On the reverse scan
there is a slight increase in transmittance until 1.1 V, at which point the oxide ﬁlm is stripped from
the gold electrode surface and the transmittance increases rapidly, returning to essentially the same
value as recorded on the anodic scan. Between 0.87 V and 0.5 V on the cathodic scan the trans-
mittance then increases steadily following the values recorded on the anodic scan.
Fig. 6 shows the corresponding transmittance and cyclic voltammetry data for an experiment
carried out in 0.1 mol dm
 3 perchloric acid. Although there are shifts in the potentials for the oxide
formation and stripping processes which can be attributed to the eﬀects of anion adsorption
37 and
Fig. 6 Plot of the optical transmittance and electrochemical response recorded in 0.1 mol dm
 3 HClO4
recorded at a scan rate of 20 mV s
 1 for a gold electrode of length 3 mm.
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signiﬁcant diﬀerence between the data recorded in 0.2 mol dm
 3 sulfuric acid (Fig. 5) and 0.1 mol
dm
 3 perchloric acid (Fig. 6) is that the transmittance at 0.5 V in perchloric acid is signiﬁcantly
larger than for sulfuric acid (0.18 rather than 0.04) and that the change in transmittance on for-
mation of the oxide ﬁlm is proportionally greater for sulfuric acid (a factor of 3 as compared to a
factor of 1.7). The diﬀerence in the transmittance of the device when in contact with the two
solutions arises because of the diﬀerence in the refractive indices of the two solutions (1.355 for 0.2
mol dm
 3sulfuric acid and 1.334 for 0.1 mol dm
 3 perchloric acid). As a result, the device is
operating at diﬀerent points on the transmittance/refractive index curve and, as we can see from
Fig. 4(a), the transmittance is larger at the lower refractive index. Our model for the waveguide
structure
32 predicts that the fractional change on growth of the oxide layer will be smaller in the
higher index solution. The experimental data in Fig. 5 and 6 show that the change in transmission
at 1.1 V due to formation of the oxide layer is 66% for sulfuric acid and 40% for perchloric acid.
The SPR curves for the device both with and without a gold oxide layer have been calculated using
our model with a 1 mm long gold electrode for both sulfuric and perchloric acid solutions. The
model predicts that the percentage change in the transmission for sulfuric acid should be 97% and
for perchloric acid, 67%. The experimental observation that the change in transmission is smaller
for the perchloric acid solution than for the sulfuric acid solution is consistent with this prediction,
although the percentage changes are higher in both cases. This again highlights the importance of
careful design of the waveguide SPR structure if one wishes to achieve maximum sensitivity for a
particular application.
We now turn to the double layer region, between 0.5 V and about 1.2 V on the anodic sweep,
where the gold surface is not covered by oxide. From the literature
44 we know that the potential of
zero charge for the gold electrode in both sulfuric acid and perchloric acid is signiﬁcantly cathodic
of 0.5 V vs. SCE so that the decrease in transmittance with increasing anodic potential in this region
could be attributed to contributions from the adsorption of anions in the double layer at the
electrode surface and from changes in the electron density at the gold surface with surface
charge.
8,9,45,46 It is known from the literature that bisulfate/sulfate is the most adsorbing and
perchlorate the least absorbing anion at the gold surface.
37 Comparison of our results for sulfuric
acid (Fig. 5) and perchloric acid (Fig. 6) shows that the changes in transmittance occurring in the
double layer region are almost identical once one takes account of the diﬀerence in bulk refractive
index for the two solutions, strongly indicating that adsorption of the anion is not the primary
cause of the transmittance changes.
According to the model proposed by Hansen
47 and developed by McIntyre
46 to describe elec-
troreﬂectance, changes in the electrode potential in the double layer region cause changes in the
free-electron concentration at the surface of the gold which, in turn alter the dielectric constant for
the metal over a layer of thickness of the order of the Thomas–Fermi screening length (about 0.06
nm for gold). If we write the relative permittivity for the metal surface layer, e ^
S, in terms of the
contributions from the free and the bound electrons
^ e eS ¼ ^ e eS;free þ^ e eS;bound   1 ð4Þ
and assume that the bound electrons do not respond to the applied ﬁeld, then only e ^
S,free will
change with electrode potential. The magnitude of the change in e ^
S,free can be estimated using the
Drude equation for a free electron gas
46,48 to give
D^ e es ¼ð ^ e ebulk   1ÞðDN=NÞð 5Þ
where De ^
S is the change in the relative permittivity of the surface from the bulk value, e ^
bulk, N is the
bulk free electron density and DN the change in free electron density in the surface layer. Finally





ðE   EpzcÞð 6Þ
where CDL is the double layer capacitance, e the charge on the electron, d the layer thickness and
Epzc the potential of zero charge. This model was used by Ko ¨tz et al. to explain the shift in the SPR
resonance of a gold electrode in contact with 0.5 M NaClO4 solution. In their experiments they
148 Faraday Discuss., 2002, 121, 139–152found a  13 meV V
 1 shift in the surface plasmon excitation energy in the double layer region at
potentials positive of pzc. We have modeled the eﬀects of changes in free electron density upon
predicted device transmittance, replacing the top 0.06 nm of the gold ﬁlm with a ﬁlm of relative
permittivity given by that of gold modiﬁed by eqn. (5). The change in transmission due to electron
density eﬀects, predicted using this model, for a change in potential of 1 V using the typical value of
0.2 for DN/N is of the order of 2%, signiﬁcantly less than the experimentally observed value.
The results presented so far have been for the steady state optical and electrochemical responses
observed for our devices after repeated cycling for 10 or more cycles. We now brieﬂy describe the
changes observed over the ﬁrst few cycles. On the ﬁrst cycle using a new device, we observe a lower
initial transmittance at 0.5 V which is signiﬁcantly increased on the return scan, Fig. 7(a). Asso-
ciated with this we observe a much larger oxidation current at 1.3 V on the ﬁrst scan. We believe
that this eﬀect is associated with the oxidation and removal of organic impurities from the electrode
surface. For the second and subsequent scans, Fig. 7(b), the transmittance changes much less and
gradually settles down to the steady state behavior described above.
Studies of copper UPD
We have also studied the eﬀects of copper UPD
49–51 using our waveguide devices. Fig. 8 shows the
simultaneously recorded steady state cyclic voltammetry and transmittance data recorded in 0.1
Fig. 7 Plot of the optical transmittance as a function of electrode potential, recorded on (a) the ﬁrst cycle and
(b) the second to fourth cycles, for the waveguide device having a 3 mm long gold electrode, in 0.2 mol dm
 3
H2SO4 cycled at 20 mV s
 1.
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 3 perchloric acid containing 1 mmol dm
 3 Cu
2+. Essentially similar results were found in
0.2 mol dm
 3 sulfuric acid. For these experiments we ﬁnd that it is necessary to sweep the potential
to 1.6 V in order to clean the electrode surface before we can obtain well resolved changes cor-
responding to the copper UPD at around 0.25 V. Again we ﬁnd good stability and reproducibility
for the optical response of our device. The changes in transmittance associated with the deposition
and removal of the copper UPD layer are easily measurable and are reversible. It is also noticeable
that at cathodic potentials, when the gold surface is covered by the copper UPD layer, the
transmittance is much less potential dependent than in the double layer region. Separate experi-
ments (not shown) conﬁrm that in the absence of the copper UPD layer the transmittance of the
device remains potential dependent in this region.
35 These changes in transmittance for the
deposition of the UPD layer are quite large when compared to the percentage changes observed
using electroreﬂectance
52,53 or ellipsometry
54 again indicating the high surface sensitivity of SPR.
The origin of the observed changes in the electroreﬂectance for gold following the deposition of a
copper UPD layer have been discussed by Kolb et al.
53 who concluded that the changes were again
due to changes in the free electron density at the gold surface caused by the partially ionic character
of the adatoms rather than the eﬀects of absorption of light by the copper monolayer. If this is the
case, this explains the eﬀect of formation of the copper UPD layer in the SPR experiment and also
why the change in the transmittance with potential is so much less for the copper covered surface
than for the bare gold surface if, for the copper covered surface, the copper adatoms determine the
free electron density in the gold surface layer. The theoretical model of the device shows that when
a layer of copper with a thickness comparable to that of a monolayer of copper (0.75 nm) and a
refractive index taken to be 0.27+j3.4
54 is added to the gold surface, the drop in transmission is
approximately 10%. This agrees well with the measured change in transmittance of the device upon
deposition of a copper monolayer as shown in Fig. 8.
Conclusions
In this work we have demonstrated, for the ﬁrst time, the use of a channel waveguide surface
plasmon resonance structure to make simultaneous electrochemical and SPR measurements at gold
electrode surfaces. We have shown that the responses are stable and reproducible and that the
technique is especially sensitive to changes occurring at the electrode surface, by demonstrating the
signiﬁcant changes in transmittance of the device following the formation and removal of the
surface oxide layer at gold or the formation and removal of a UPD layer of copper. Our studies
Fig. 8 Plot of the optical transmittance and electrochemical response recorded in 0.1 mol dm
 3 HClO4
containing 1 mmol dm
 3 Cu
2+ recorded at a scan rate of 5 mV s
 1. The length of the gold electrode was 3 mm.
150 Faraday Discuss., 2002, 121, 139–152emphasize the importance of careful design of the waveguide structure in order that it is matched to
the superstrate refractive index in order to maximize the sensitivity of the device.
The combination of electrochemistry and integrated optics oﬀers signiﬁcant possibilities for
future development. The small size (typically 1 mm long by a few mm across) of the sensing region
and the ability to fabricate multiple sensing regions on a single substrate using lithographic
techniques oﬀers the possibility of building integrated arrays of these devices. By selective mod-
iﬁcation of the surfaces of the gold electrodes it should then be possible to develop these arrays for
use as chemical sensors making direct use of the high surface sensitivity of the SPR measurement
combined with electrochemical control and modulation of surface reactions.
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